objectives Lymphatic filariasis (LF) elimination through mass drug administration (MDA) of DEC and albendazole have resulted in very low levels of infection in most endemic districts in India. But small pockets with residual microfilaraemia in the community and antigeneamia in children ('hotspots') are a cause of concern. We aimed to identify the determinants of such transmission hotspots and filarial infection in households using data from 33 communities.
Introduction
With the target for elimination of lymphatic filariasis (LF) by the national programme set to 2015 in India, all 256 endemic districts had completed at least 10 rounds of mass drug administration (MDA) of albendazole in combination with diethylcarbamazine (DEC) [1] . As per WHO guidelines, a district that has undergone at least five rounds of MDA with 65% coverage and achieved <1% microfilaria (Mf) prevalence in all sentinel and spot-check sites is eligible for transmission assessment surveys (TAS) [2] . In TAS, a sample (calculated based on a Sample Survey Builder tool) of children aged 6-7 years is tested for filarial antigenaemia (Ag), and if the positives are less than a prescribed number, TAS is considered 'passed', else 'failed'. When TAS fails, MDA is continued, otherwise MDA is discontinued and the district is put under post-MDA surveillance.
As of 2018, of the total 256 endemic districts where MDA was implemented in India [3] , 97 districts had passed TAS 1 and stopped MDA; 27 had cleared TAS 1 and 2; TAS 1 was proposed in 16 and in the remaining districts MDA is being continued. In spite of achieving Mf prevalence of <1% in these districts, studies in India and elsewhere have shown the existence of transmission foci [4] [5] [6] [7] [8] .
The intensity of transmission in an area is more likely to be influenced by factors such as high levels of endemicity and intensity of microfilaraemia and vector competence of the local vectors [7] . A transmission matrix constructed based on community Mf load and per manhour vector density [9] showed that transmission can continue in areas with very low Mf prevalence but with high vector density. In areas under MDA, transmission is influenced by coverage, compliance, systematic non-compliance by certain groups of individuals [10, 11] , and timing of MDA (if there is seasonality in LF transmission). Other micro-level factors such as improper planning of waste and sewage water disposal, lower socio-economic and cultural factors [12] [13] [14] and availability of mosquitogenic conditions [4, 7] in an area could also play a role. This study aims to investigate the determinants of (i) hotspots and (ii) household (HH)-level infection in a primary health centre (PHC) area.
Methods

Study area
Ammapettai PHC in Thanjavur district, Tamil Nadu state, India was the study area. The PHC has 33 sites (18 villages and 15 wards) covering a population of 19 147 living in 5910 households [15] and had undergone eight annual rounds of MDA from 2000 to 2008 (4 with DEC alone and 4 with DEC+albendazole) with a reported coverage of 88-92% in different sites. The overall prevalences of Mf and Ag were <0.4% and 2.7% after eight rounds of MDA [16] . Of the 33 sites, 12 were hotspots (Mf prevalence >1% or had Ag positive children in the age group of 2-8 years) and the remaining 21 were nonhotspots [16] . It should be noted that all hotspots were semi-urban and most non-hotspots were rural. The prevalences of Mf in the hotspots and non-hotspots were 0.8% and 0.1% respectively, and the corresponding Ag prevalences were 4.8% and 1.3%.
Study design
A household survey was carried out to collect information on environmental, entomological, economical and socio-behavioural factors to study their association/role in declaring an area as hotspot or not. Assuming an expected household-level human infection prevalence of 5.1% [16] , with a precision of 2% and 5% level of significance, a minimum sample of 446 was estimated. Allowing 20% non-response rate, a total of 558 households was targeted to achieve the minimum required sample. The households were systematically selected from all 33 sites of Ammapettai PHC. The number of households per site was in proportion to the total number of households in each site. In the selected households, the following surveys were carried out.
Adult mosquito collection
Adult Culex quinquefasciatus mosquitoes, the vector of Wuchereria bancrofti, were collected by placing a modified version of the CDC Gravid trap (Model 1712, John W. Hock Co. USA). The procedure for mosquito collections using gravid traps is described in detail elsewhere [15, 17] . Briefly, gravid traps were placed outdoors each evening within the premises of the selected households between January and March 2012. Mosquito traps and nets containing the catch were collected each morning and returned to a central laboratory where the mosquitoes were killed by freezing before being sorted in Culex quinquefasciatus that were either gravid, semigravid or showed evidence of having recently ingested a blood meal. Mosquitoes that met these criteria were then stored together in pools of 25 mosquitoes after drying them at 95°C for a minimum of 15 min for later qPCR analysis. Traps were kept for a maximum of three nights to achieve the required pool size of 25. The data were used to calculate the vector density per trap-night as the ratio of total number of Culex females collected to total trap-nights spent for each household.
Permission was obtained from an adult resident in the selected household for setting the traps outside the household. Field teams placed the traps in areas less prone to thievery or obstruction. Batteries that ran the trap fans were recharged each day to use for subsequent day's collection.
Demographic, socio-economic and behaviour survey
Trained interviewers captured details from head of the households on family size, economical (occupation, house type (based on the roof type: concrete, tiled or thatched), household income per month), and socio-behavioural aspects (personal protection measures against mosquito bites, compliance in last and previous rounds of MDA, knowledge about transmission of filariasis and mosquito breeding sources) using a semi-structured questionnaire.
The field team examined the premises of the household for breeding habitats (drains (blocked/stagnant), septic tanks, cesspits, cesspools, cement tanks) with presence or absence of Culex breeding. Wherever possible, 3-5 dipper samples (depending on the area of the breeding habitat with water) were taken and the pupae were counted for each dip. The data were used to estimate the pupal density per household or a site:
Pupal density per dip perðfor household or siteÞ
¼
No. of pupae collected Total number of dips taken Â No. of potential habitats Total no. of habitats where potential habitats are the ones with stagnant polluted water, known to support breeding of Culex vectors [18, 19] . Both questionnaire and larval surveys were conducted in April 2012.
Household infection status
Details on infection status of individuals in the selected households of all the 33 sites in the study area were obtained from the mass blood survey carried out during 2008-2009 [16] . Household infection status was defined as positive if at least one Ag/Mf-positive individual was present in the household and as negative otherwise.
Statistical analysis
Chi-squared/Fisher's exact test, as appropriate, was used to explore the association of various factors (categorical in nature: e.g. house type, type of breeding habitat etc.) with hotspot status (hotspot area coded as '1' and others '0') and household infection status (coded '1' if the HH had an Ag or Mf-positive person and '0' otherwise). Community type (semi-urban or rural) was not considered a factor as it would have had a strong correlation with the outcome (hotspot or non-hotspot). Quantitative variables (e.g. adult density per trap-night, number of breeding habitats) between groups were compared using Student's t-test. Separate logistic regression analyses were carried out to assess the association of hotspot status and household infection status with those factors that had a significance level up to 0.1 by univariate analysis. While all univariate analyses were based on the number of observations that were available for that particular predictor, logistic regression was carried out only for those observations which had complete information for all those factors included in the analysis. STATA SE (Version 14) statistical software, by Stata Corp, USA [20] was used for the statistical analysis.
Ethics statement
The Institutional Ethics Committee reviewed and approved the study protocol.
Results
Mosquitoes were collected in 627 households for assessing vector density of which 611 underwent the questionnaire survey. Data on human infection status (Ag/Mf status) of household members were available for 603 households and therefore only data from these households were considered for univariate analysis. Of the 603 households, 307 (50.9%) were from non-hotspots and the remaining 296 from hotspots. The mean family size was 4 in both hotspots and non-hotspots (t = 1.44, P = 0.14). The household prevalence of filarial infection (Mf and/or Ag) was significantly higher (14.0%) in hotspots than in non-hotspots (3.4%) (P < 0.001).
We counted 547 breeding habitats in 603 households of which 281 (51.3%) were from hotspots and 266 (48.6%) from non-hotspots. Of these, only 125 (44.5%) and 107 (40.2%) habitats respectively had water (stagnant/polluted/clear); the remainder (Hotspots: 156 (55.5%) and non-hotspots: 159 (59.8%)) were either closed or dry. Of 232 habitats with water, 101 (81.6%) from hotspots and 96 (89.7%) from non-hotspots could be dipper-sampled. Habitats that were covered or dry were assumed to be free of breeding Culex.
Determinants of hotspots
Univariate analysis of association of different factors (demographic, socio-economic, behavioural, environmental and entomological) to hotspot status is shown in Table 1 .
Socio-economic and environmental factors
Of all households included in the analyses 19.9%, 39.7% and 40.4% in non-hotspots and 31.8%, 47.3% and 21.0% in hotspots were concrete, tiled and thatched houses respectively. The proportion of concrete and tiled houses was higher in hotspots, and the majority of households in non-hotspot (73.0%) and hotspot (65.5%) areas had an average household income <Rs. 5000 per month; the remainder had an average income between Rs. 5000 and 20 000 per month (Table 1) .
In hotspots, the proportion of habitats with stagnant water was 33.5%; in non-hotspots it was 30.2%. Of these stagnant water habitats, 15.6% had Culex breeding in hotspots and 2.8% in non-hotspots. Different types of breeding habitats within household premises in hotspots and non-hotspots were: Kacha drains: 54.5% vs. 66.2%; cement tanks with polluted water: 11.4% vs. 20.3%; U drains: 11.0% vs. 0.4% and others (unused grinding stone/ open well, flower pots, earthen pots (all these with polluted water)): 23.1% vs. 13.2%. The mean (AESE) number of breeding habitats per household was 1.0 AE 0.02 in hotspots and 0.9 AE 0.02 in non-hotspots (Table 1) . While Culex density per trap-night was 23.8 AE 1.5 per household in hotspots and 21.4 AE 1.0 in non-hotspots, the pupal density per dip was 2.1 and 0.3 respectively.
Behavioural factors
37.8% of respondents in hotspots were aware that filariasis was transmitted by mosquitoes vs. 23.8% of their counterparts in non-hotspots. 99.6% of hotspot respondents and 98.5% of non-hotspot respondents knew that filariasis-transmitting mosquitoes breed in stagnant water, drains and septic tanks. 99.3% of households in hotspots and 97% in non-hotspots used at least one personal protection measure (mosquito mats, nets, coil, vaporiser, mosquito bats, fumigation), but mosquito nets were used by only 13.4% in hotspots and 10.5% in non-hotspots (Table 1) . Reported compliance in the last round of MDA was 50.8% in hotspots and 54.1% in non-hotspots. Compliance to MDA drugs in more than five rounds of MDA was only 12.3% in hotspots and 7.7% in non-hotspots. In univariate analysis house type, type of breeding habitats, habitats with Culex breeding and knowledge on filariasis transmission were significantly (P < 0.05) associated with hotspot status (Table 1) .
Logistic regression analysis showed that tiled and concrete houses elevated the odds of an area being a hotspot by 2.1 and 2.9 times respectively. While cement tanks with polluted water were associated with a lower risk of hotspot status, presence of U-drains and other habitats increased the risk 24.6 and 2.1 times. Presence of a habitat with Culex breeding increased the risk 4.9 times ( Table 2) .
Determinants of household infection
The association of various predictors with household infection is shown in Table 3 . The proportion of households with infected individuals was highest among those households that had U-drains in their proximity followed by those which had cement tanks with polluted water. Culex density per trap-night in households with infected individuals was 23.2 AE 2.2 and 22.6 AE 1.0 in households without infected individuals. The mean number of breeding habitats in houses with human infection was 0.9 AE 0.02 and in households without it was 1.0 AE 0.05. The per dip density of Culex pupae was 2.1 and 1.1 per household with and without filarial infection.
Filarial infection was higher among those households that had knowledge on the transmission of filariasis, the breeding sources of filarial vectors and those used personal protection measures (Table 3 ) against mosquito bites.
In univariate analysis, there was a significant association between household infection status and U drains, habitats with stagnant water, presence of a habitat with Culex breeding within household premises and compliance to last round of MDA. None of the other predictors was significantly associated with household infection status (Table 3 ). In multivariate analyses proximity to U drains increased the risk of acquiring infection in households 5.8 times (Table 4) .
Discussion
The findings of this study show that hotspots have a higher proportion of habitats with Culex breeding than non-hotspots and that filarial infection was more common in households close to U-drains. In hotspots, 32% of infected households had U-drains nearby, whereas in non-hotspots none did. Association of household infection with proximity to U-drains at micro-level translates to a higher risk of an area to be a hotspot at macro (community) level (Table 2) . A study on the development of sampling strategy for xeno-monitoring in the same area [15] showed that filarial infection in vectors was significantly higher in hotspots than in non-hotspots, suggesting the operation of factors that facilitate transmission. Despite comparable vector densities and usage patterns of personal protection measures in hotspots and non-hotspots, infection prevalence in vectors was higher in hotspots [15] which could be due to the greater human infection reservoir in hotspots (Mf-0.8%
and Ag-4.8%) compared to non-hotspots (Mf-0.1% and Ag-1.3%).
While the hotspot and non-hotspots did not differ in terms of socio-behavioural factors, there were differences (Table 1) . Implications of household type as a determinant for hotspot may be due to urbanisation activities like laying of roads and drainage systems with or without proper planning contributing to mosquitogenic conditions. Some segments of these drains contain stagnant water due to blockages, leading to proliferation of Culex vectors [12, 14, 18, 19, [21] [22] [23] [24] . Presence of such breeding habitats in hotspots could be one of the reasons for elevated risk of transmission in this area.
The communities surveyed in this study are in Thanjavur district, which recorded an MDA coverage of 56-92% and MDA compliance of 34-53% in the period 2001-2010 [16] . The reported Mf prevalence in the district is 0.16% in 2001 and 0.09% by 2008. Assuming these are applicable to our study area it may be seen that though both hotspots and non-spots recorded same levels of compliance at 55%, a higher proportion of Ag (Mf) positive individuals and positive households were found in hotspots. These observations imply that the dynamics of impact of the MDA in an area may not only be influenced by the baseline endemicity [25, 26] but also by current mosquitogenic conditions prevailing in that area. Therefore, for interrupting transmission wherever appropriate, MDA may be supplemented with localised vector control measures, as indicated by the simulation models: annual MDA with vector control measures [27] will be a better performing strategy in bringing down both human and vector infection well below the recommended thresholds for LF elimination.
We observed that 92% and 88% of the respondents in the non-hotspots and hotspots respectively had complied at least once in any of the past five rounds of MDA. With such high levels of compliance, one would expect interruption of transmission in both areas, as has been reported elsewhere [28, 29] . However, evidence of ongoing transmission in the hotspots [15, 16] suggests that responses regarding compliance in previous rounds of MDA in the questionnaire survey could have been subject to recall bias over a period of 8 years, resulting in overestimation of compliance rates.
The results of this study suggest the probable role of the micro-level factors such as household type, proximity to breeding habitats and presence of habitats with Culex breeding result in continuation of active transmission despite several rounds of MDA, thereby establishing transmission foci. These micro-level risk factors at household level aggregate to form transmission foci at the macro level (community). However, it is not known whether such residual transmission foci could result in resurgence of infection in the absence of MDA in the study area. To understand this, further studies with parallel assessment of the current levels of infection in both humans and vectors are needed to see whether the higher vector infection level in hotspots could result in resurgence of LF in the study area. 
